A new type of electrokinetic micromixer with a ring-type channel is introduced for fast mixing. The proposed mixer takes two fluids from different inlets and combines them in a ring-type mixing chamber. The fluids enter two different inlets (inner radius: 25 m and outer radius: 50 m), respectively. The total channel length is 500 m, and four microelectrodes are positioned on the outer wall of the mixing chamber. The electric potentials on the four microelectrodes are sinusoidal with time, having various maximum values of voltage, zeta potential and frequency. Also, in order to compare the mixing performance with different obstacle configurations, we performed a numerical analysis using a commercial code, COMSOL. The concentration of the dissolved substances in the working fluid and the flow and electric fields in the channel were investigated and the results were graphically depicted for various flow and electric conditions.
INTRODUCTION
The operation of microfluidic-based ducts, nozzles, valves, etc., cannot always be predicted from conventional macroscopic flow models such as the Navier-Stokes equations with the no-slip boundary condition at the fluid-solid interface, unlike that of larger flow devices, which is predicted by these models routinely and successfully. The pressure gradient in a long microduct is non-constant, and the measured flow rate is higher than that predicted by the conventional continuum flow model. Moreover, surface effects dominate small devices such as MEMS (Micro Electro Mechanical Systems)-based devices, which are used in microfluidics. 1 Microfluidics systems have common properties: they work with laminar flows, under reduced thermal gradients, and with small sample/reagent volumes, properties that promote effective process control and reproducibility. Microfluidic devices with these properties have been built for lab-on-a-chip applications where the functions such as separation, mixing, reaction, synthesis and analysis are performed. 2 This micro device concept and technology, which has developed rapidly, is being applied increasingly in biological and chemical applications: [3] [4] [5] the * Author to whom correspondence should be addressed.
fabrication of hydrogel for drug delivery systems, chemical and enzyme reactions, synthesis of nucleic acids and analysis of DNA (deoxyribonucleic acid) and protein. In most microfluidic applications, e.g., fast chemical reactions, DNA separation and amplification, the performance of the microfluidic system is governed by its mixing efficiency. The rapid and efficient mixing is important for many microfluidic applications. But it is a challenging process in many microfluidic systems that perform complex chemical synthesis and analysis. Most existing microfluidic mixing systems are limited flows in the low Reynolds number regimes. According to scaling law, decreasing the mixing path can shorten the mixing time and enhance the mixing quality. For this reason, it is important to understand the mixing process in micromixers. To do this, one must be able to characterize and evaluate the outcomes of the mixing process. 6 Micromixers can be classified into two types: passive and active. [7] [8] [9] [10] The operation principles of the passive-type mixers are mainly based on fluid stretch, folding, breakup, and molecular diffusion. Some passive micromixers reduce the diffusion path between fluid streams by splitting and recombining them.
Because of the methods that can easily integrate electrodes into microfluidic and nanofluidic devices, electro-kinetically-driven mixing devices are under extensive investigation for use as active micromixers. 11 Electroosmosis used to generate electrical potential gradients has been proposed as a propulsion mechanism for biofluids. This mechanism would eliminate the need for a moving apparatus. 12 The technology of electrokineticallydriven mixing devices has led to the need for an efficient fluid control mechanism for micro-fabricated systems that perform complex chemical synthesis. For example, localized flow circulations within the bulk flow near regions of the microchannel wall with oppositely-charged surface heterogeneities were investigated and these circulations were successfully applied to enhance the species mixing in a T-shaped micro-mixer. 13 The results indicated that these heterogeneous regions reduce the required length of the mixing channel by 70%. Sasaki et al.
14 reported a novel micromixer based on AC electroosmosis and analyzed its performance by experiments according to various parameters, including applied voltage, frequency and solution viscosity. Their results were compared with those obtained from a theoretical model of the AC electroosmosis mixer. The comparison showed that a larger voltage led to more rapid mixing. The results could be used to estimate the mixing performance of the AC electroosmosis-based mixer under various experimental conditions. They also provided guidelines on the use of the micromixer in microfluidic chemical analysis. In addition, the electroosmotic effect results in swelling at the cathode side due to water enrichment and shrinkage at the anode side owing to water depletion, these phenomena refer to the open/closed control of IPMC (Ionic Polymer Metal Composite)-based microvalve systems. importance of Bio-MEMS and lab-on-a-chip technologies, many researchers have recently focused on the non-newtonian fluid behaviors of electrokinetically-driven bio-fluids. 16 Das and Chakraborty 17 obtained an analytical solution describing the transport characteristics of a non-newtonian fluid flow in a rectangular microchannel under the sole influence of electrokinetic effects. As an illustrative case study, they analyzed the flow behavior of a blood sample. Zhao et al. 18 analyzed the electroosomotic flow of power-law fluids in a slit microchannel by introducing exact and approximate analytical expressions of shear stress, effective viscosity and velocity profile distribution. Akgul and Pakdemirli 19 presented analytical and numerical solutions for electroosmotic flow of a third grade fluid between micro-parallel plates. They analyzed influences of non-newtonian parameters, namely, the Joule heating effect, viscosity index and electrokinetic effect on the velocity and temperature profiles of the fluid.
In this study, the mixing performance of a ring-type electroosmotic micromixer was numerically investigated. Also, the mixing performance of the mixer with different obstacle configurations in the mixing chamber was examined by numerical analysis using the commercial code, COMSOL. Especially, the concentration of the dissolved substances in the fluid was considered according to voltage, electrode frequency and zeta potential.
NUMERICAL DETAILS

Governing Equations
The complex flow phenomena in the modeled micromixer were investigated by numerical methods. Two-dimensional Navier-Stokes equations describing fluid behavior were employed to simulate the mixing of two aqueous fluids in Because the electroosomotic flow velocity is independent of channel size, electroosomotic pumping presents a natural and popular technique for fluid manipulation in small channels. On the other hand, when the solid/fluid interface is that of a freely suspended particle, the electroosomotic slip velocity gives rise to motion of the particle itself, termed electrophoresis. The equations used in the above simulations are shown as follows:
where is the fluid density, V is the fluid velocity, p is the static pressure of the flow, is the molecular viscosity of the fluid, e is the charge density of the fluid and E is the intensity of the applied electric field. Under a wide range of conditions, the local slip velocity is given by the Helmholtz-Smoluchowski equation as:
where is the relative permittivity, is the zeta potential, and E x is the tangential component of the bulk electric field. The ions in the diffuse part of the double layer are approximately in thermal equilibrium, and tangential concentration gradients modify the usual electroosmotic slip by changing the bulk electric field (concentration polarization) and by producing diffusion osmotic slip. 20 We can express the balance equation for the current density with Ohm's law as:
where denotes the conductivity of solution.
In addition, the following convection-diffusion equation describes the concentration of the dissolved substances in the fluid:
where c is the concentration, D is the diffusion coefficient, and R is the reaction rate pertaining to the working fluid. When R = 0, the concentration is not affected by any reactions. The mixing efficiency ( m applied to this study is defined as follows:
where c is the concentration value of outlet, c 0 is the initial concentration value before mixing both of working fluids, and c is the completely mixed concentration value, respectively. boundary condition before they enter the outlet channel. The electric potentials produced by the microelectrodes are time-dependent, so the fluids are mixed chaotically in the mixing chamber. In this study, we performed a two dimensional numerical analysis using the commercial code, COMSOL. The electric potentials produced by the four microelectrodes produced a time-dependent sinusoidal electric field for the maximum applied voltages of 2 V and 8 Hz. Details of boundary condition applied to this study are shown in Table I In order to investigate the simultaneous effects of electroosmotic flow and convection-diffusion in the mixing chamber, two-dimensional unstructured grids containing approximately 40,000 elements were generated using COMSOL preprocessor, as shown in Figure 2 . Especially, a non-uniform grid mesh which is thinner in vicinity of walls has been used to increase the accuracy of the results. The convergence criteria have been satisfied when the maximum mass residuals of the grid control volume has been less than about 10 −7 . scale diffusion. Results of the streamlines for two different obstacle configurations in the mixing chamber for V 0 = 1 V, f = 4 Hz and = −0 1 V are shown in Figures 3  and 4 for one cycle of the sine curve. In both cases, the streamlines show similar flow patterns. They were influenced by the electric fields that were produced by the individual electrodes. Also, eddy flows were formed around the electrodes in the mixing chamber. The fluid particles that stayed in the central loop stretched and folded for a long time before they entered the outlet channel. These flow patterns are corresponded with those by Hadigol et al., 16 which were performed numerically applied to electroosmotic effect in the microchannel with based on physical properties of the water. This fact indicated a chaotic advection, which in turn expedited the final part of mixing through molecular diffusion.
Model and Grid Systems
RESULTS AND DISCUSSION
The concentration distributions in the modeled micromixer for the two different obstacle configurations are shown in Figures 5 and 6 . It is seen that the perturbed flows continuously moved along the mixing chamber, and the mixing improved everywhere in the modeled micromixer because of the stretching and folding behaviors of the fluid particles, which was induced by the applied electric field. Results also showed that the mixing performance was influenced by the frequency of electric field and the zeta potential. The decreases of the frequency and the increases zeta potential improved the mixing efficiency. But, from the viewpoint of fluid flow, the streamline produced by the circular obstacle in the mixing chamber was smoother than that produced by the rectangular one. This is because the fluid flow corresponding to the rectangular obstacle in the mixing chamber was affected by the resistance between it and the surface of the obstacle.
In order to evaluate the mixing performance for two different obstacle configurations at various values of voltages, frequency and zeta potential, we set up the data line in the modeled micromixer, as shown in Figure 1 . The dissolved-substances concentration data was obtained along the width line of the outlet region and also from the centerline along the horizontal direction of the mixing chamber. Figure 7 shows the concentration profiles along the horizontal direction of the modeled micromixer from the mixing chamber to the outlet for various conditions at t = 2 5 s. The concentration efficiency reaches over 90% in all cases, which means that each fluid was sufficiently mixed and moved toward the exit of the micromixer. In particular, the oscillation of flow increases with the increase of frequency, which means that it hinders stable mixing. At constant zeta potential value, the concentration distribution is the most stable for the case of 4 Hz, which means that the fluids were well mixed at the proper frequency rather than at high frequencies. At constant frequency, the mixing performance was influenced by the zeta potential value. When the electrodes were applied with low voltages, the agglomeration of fluid particle increased with the decrease of the zeta potential value. So, we may deduce that the mixing efficiency with f = 4 Hz and = −0 1 V was the most stable compared those of the other cases. The concentration value at the applied voltage of 2 V was higher than that at 1 V. However, there was little difference in the mixing efficiency according to the obstacle configuration. Figure 8 shows the concentration profiles along the vertical direction of the outlet region of the mixing chamber for various conditions at t = 2 5 s. Numeric number ±25 along the horizontal axis denotes the high and low limits of width (see Fig. 1 ). At the frequency value of 8 Hz, the concentration distributions indicate a similar pattern through the channel width in all cases (see Figs. 8(b and d) ). However, at f = 4 Hz, the concentration profiles indicate a high mixing performance over the channel width and the mixing efficiency increases about 30% compared with that of the case of f = 8 Hz (see Figs. 8(a and c) ). Especially, for the case of f = 4 Hz and = −0 1 V, the concentration distribution is the most stable, and the mixing efficiency remains almost over 85% all over the channel width. Even with the change of the obstacle configuration, the mixing characteristics change very little with respect to concentration.
CONCLUSION
An electroosmotic actuated active ring-type micromixer was designed and investigated numerically for two different obstacle configurations in the mixing chamber. Of particular concern was the concentrations of the fluids in each condition for various values of voltage, frequency at the electrodes, and zeta-potential. The following conclusions were obtained: (1) Chaotic behavior was confirmed by the stretching and folding of the material lines due to the applied electric fields. (2) In the evaluation of the concentration value according to frequency and zeta potential, the mixing was the most active for the case of f = 4 Hz and = −0 1 V compared with those of the other cases. As the applied voltage at electrodes increased, the mixing performance in the micromixer increased. (3) From the viewpoint of fluid flow, the circular obstacle showed a smoother pattern than the rectangular one, but there was little difference in the mixing efficiency between the two obstacle configurations.
By taking these findings into account one can design effectively the other types of active micromixer. Further improvements of the mixing efficiency will be possible by considering a novel design such as locations of electrode on the obstacle instead of the outer wall of the mixing chamber.
